Abstract-The use of asynchronous Code Division Multiple Access (CDMA) systems has proven to be more efficient specially in the cellular mobile networks where the information is sent from a number of transmitters in irregular intervals. In this paper we focus on the use of the successive interference cancellation(SIC) detectors in an asynchronous and a cooperative CDMA uplink. The users in the network not only transmit their own information but also act as relays to transmit the information of other users. We consider a inter-user non-orthogonality and also the cooperative protocol used for transmission is decode and forward (DF). So the users when relaying attempt to decode the information first, then re-encode it and then forwards it to the destination. We also assume a full-duplex communication here and hence the users can transmit and receive at the same time in the same frequency. With all the above assumptions, we evaluate the information-outage probability performance by using the decorrelator and MMSE detectors and then extend that design by using an SIC detector. The main objective in using the SIC receiver is to close the gap in the performance gap between the decorrelator receiver and a synchronous receiver used by Laneman.
I. INTRODUCTION
There has been a rapid growth in the Wireless Communications since the introduction of the cellular telephones and this is expected to grow further by developing new schemes and technologies. These new technologies overcome the limitations of the previous techniques used and also help in meeting the high data rate and the high reliability communication requirements. The use of wireless hand held devices has increased and these users demand the services like streaming high resolution videos and images wirelessly. And all these services require high data rates in order of Gbps and low latencies. The fading and multiple access interference (MAI) are the two main problems which the wireless networks suffer from. causes the signal-to-noise ratio (SNR) to change rapidly and hence making it difficult to predict the SNR at the transmitter because without a proper knowledge of the SNR, the error rate of data transmission is high. One of the ways to improve SNR was to use the diversity which led to the use of multiple antennas to control the SNR and this method was called Beamforming. This beamforming has led to the development of systems with multiple antennas at transmitters and receivers known as multiple-input and multiple-output (MIMO) systems. For these MIMO systems to work efficiently the spacing between multiple antennas either used at the transmitter or the receiver needs to be greater than half of a wavelength to avoid fading correlation. And for most of the mobile wireless networks the carrier frequency is not much higher than 1 GHz or equivalently the wavelength is not smaller than 0.3m. Hence the use of larger and a number of such large antennas is impractical in case of a mobile terminal.
A possible solution to this problem is to use the broadcasting property of a node in the network and using this we can allow the individual nodes of a network to cooperate on transmitting the information there by creating a virtual antenna array. This is the idea behind the cooperative diversity which was first seen in [1] which examines the outage probabilities by using an information-theoretic model and also a two user cooperative CDMA network. The CDMA implementation had two users cooperate by transmission each bit over two successive bit intervals. In first interval, one of the users transmit a bit and in second interval, the other detects and retransmits the estimate of that bit. [2] - [3] has extended this work to a number of other cooperative diversity protocols like the decode-andforward (DF) and amplify-and-forward (AF). In [4] , authors exploit the spatial cooperative diversity using a repetition based and space-time coded algorithms for a DF based multiuser communication. We have noticed that most of the previous research works on the cooperative diversity including the above assumes the use of the inter-user orthogonality and the synchronism between the signals transmitted from different users. Both of these assumptions might bring in extra complexities in the network as they both will need the users to be accurately coordinated in a mobile ad-hoc network. Some of the problems regarding user orthogonality and synchronous issues has been later addressed in [5] and [6] . [5] assumes very loose synchronous constraints and the key idea of this work is to have the nodes simply echo the leaders transmission operating as active scatterers. [6] uses a distributed delay diversity approach to achieve the diversity gains promised by distributed space-time codes.
The above schemes provide a basic understanding of cooperative diversity systems but many of the issues related to multiple access interference (MAI) are yet to be addressed for the non-orthogonal channel allocation in an asynchronous multi-user communications. There are several multiuser detection schemes developed to remove the MAI in a noncooperative network [7] . A system of linear suboptimal detectors like decorrelator and MMSE detector were introduced in [8] - [9] . The decorrelator receiver is analogous to a zero forcing equalizer which removes the MAI but at an expense of enhancing noise. MMSE detector performs slight better than decorrelator at low SNR and is identical to decorrelator at high SNR. Many other non-linear approaches were introduced to remove the multiuser interference by employing a interference cancellation. Successive interference cancellation (SIC) was first described in [11] and also in [12] . The method in [12] subtracts the previously decoded users interference from the matched filter output for the current user and it uses this decision statistic to decodes the bit of the current user.The parallel multistage iterative approach was given in [13] and this method uses the previous stage bit estimates to cancel the interference in the current user in the current stage. [10] has used both of the above linear detectors in a cooperative CDMA uplink by employing non-orthogonal spreading codes and also has anaylsed the performance of both the cases by using repetition-based relay schemes. [14] addresses most the of the multiple access interference (MAI) issues and also analyses the information-outage probability performance in multi-user cooperative diversity scheme under non-orthogonal channel allocation and the asynchronous communication constraints. However the decorrelator approach used in this work is highly suboptimal in handling asynchronism and non-orthogonality. In the outage probability of analysis [14] , it is seen that there is a large gap between the results shown and the [4] synchronous case.
In this work, we consider a multi-user decode-and-forward (DF) cooperative protocol operating in a asynchronous CDMA uplink. So in the given network, first each user transmits their own information to the base station and the cooperating users over hear this information. These users then relay the re-encoded and re-spreaded message to the base station. We consider that the network is fully duplex so each user and send and receive at the same time on a same frequency. Now at the base station, the messages received are decoded using aon appropriate detector. We first use the MMSE multiuser detector and later the design is extended to a SIC detector. We compare the outage probability of the above schemes to the outage probabilities shown in [14] and [4] . The above information-outage probabilities are anaylsed for the underloaded CDMA, fully-loaded CDMA and overloaded CDMA systems under an assumption of high signal-to-noise ratio (SNR).
In [14] , it was seen that there is a loss in the spectral efficiency when compared to Laneman's space time coded protocol [4] . This loss is quite evident due to the use of non-orthogonality in the spreading codes, the asynchronism between the transmissions and also the decorrelator receiver. Using the proposed SIC detectors we were able to close the gap between the performance of the synchronous systems and the asynchronous systems which are considered to be more practical.
The paper is organized as follows. Section II describes the system model used for the CDMA uplink and also described is the cooperative protocol used and the equivalent cooperative received signal modal for the same CDMA uplink. Section III includes the performance analysis of the proposed protocol with the MMSE receiver and this analysis is done for the underloaded CDMA, fully-loaded CDMA and overloaded CDMA systems. Section IV extends this MMSE receiver design to a SIC detector. Section V show all the results obtained and section VI draws conclusions.
II. SYSTEM MODEL

A. Non-Cooperative CDMA Uplink
The CDMA is form of direct sequence (DS) spread spectrum and in a DS-CDMA system each user is assigned a pseudo-random sequence by using which the users can transmit simultaneously across the entire frequency band. The pseudo-random sequence is also called as a signature waveform or a spreading code. In a synchronous CDMA system the symbols from each user arrives at the receiver at same time and most often the information bit streams are aligned in time (the starting and the ending times of bits are synchronized in time). An asynchronous CDMA system consists of a number of users received at the receiver with different symbol intervals. Hence in an asynchronous channel, the users are labeled by their time of arrival [7] and therefore
The baseband received signal r(t) for a non-cooperative asynchronous CDMA uplink for a given K users can be written as
where M is the number of data symbols per user per frame also know as the block length, T s is the symbol interval, n(t) is a white Gaussian noise, b k [i] is the k th user's transmitted symbol, α k is the flat fading channel coefficient for the channel between k th user and the base station,
is the n th element of the spreading code and N is the processing gain. The processing gain is defined as the ratio of the transmission bandwidth to the information bandwidth. Based on this processing gain and number of users the CDMA systems are classified into three types: underloaded, fully-loaded and overloaded. In an underloaded CDMA system the total number of users K us less than the processing gain N . For a full-loaded CDMA system the number of users K is equal to the processing gain N and for a overloaded CDMA system the number of users K is more compared to the processing gain N .
B. Cooperative CDMA Uplink
We assume a cooperative system model which is similar to that which is used in [14] . So we would consider a CDMA cellular uplink with a set of users denoted by S and there are a total of K user terminals and |S| = K. Each of the above users transmit their own messages to the base station and also act as the relays to transmit the messages of others. m denotes the number of the users which acts as relays and let the set of such cooperating relays is denoted by C ⊂ S and |C| = m. Each of the users is assigned a spreading code with a processing gain N and these are assumed to be nonorthogonal. A cooperative terminal relays the message by first decoding it. Then it re-encodes and re-spreads the message and it is then forwarded to the base station.
The system here has full duplex relays and hence each user can transmit and receive at the same frequency. Fig. 1 shown the channel allotments for the scheme being used in this paper. The system is basically divided into two orthogonal time phases. During the first phase every user transmits the information to the base station using a different spreading code. In the second phase users belonging to C decode the information and all the users that can decode the information belong to a set called as decoding set D(k) and only the users belonging to this set can be relays. The relays can now reencode and re-spread the message and then re-transmit it to the base station and all the received message from the relays are then diversity combined at the receiver. If at all a user is not a relay, then it will continue to transmit its message in the second phase as well. Hence we achieve non-orthogonality across the channels by the use of the non-orthogonal spreading codes among the users. And since the users are allowed to transmit the messages at any time randomly, we achieve the asynchronism. This makes the system entirely practical and flexible.
The channel considered here in the proposed scheme has a flat fading Rayleigh characteristic. The use of the nonorthogonality in the spreading codes, asynchronism and also due to the fading characteristics of the channel, there is the presence of multiple access interference (MAI) and the intersymbol interference (ISI). We will now consider the system model for the second phase since in the first phase all of the user just transmit information to base station and it is similar to a non-cooperative CDMA model. The received signal at the base station with a total of K users out of which m are cooperating users is given by (2) where b l,k [i] is the k th user symbol which is transmitted by the l th cooperating user and b k,k [i] is the k th user's own transmission. αl is the flat fading channel coefficient between the user l and the base station. We see that in the above expression, the first term is the result of a cooperation between the users, the second term is due to the non-cooperating users and the third term is the white Gaussian noise. We obtain the sufficient statistic at the receiver by match filtering the above received signal with respect to the delayed spreading waveform and it is given by
where ρ
dt is the cross-correlation between the delayed spreading waveforms. Stacking all the above matched filter responses we can write
where R is a function of the cross-correlations between the delayed spreading waveforms, A is a quasi-block diagonal matrix and is a function of only the channel gains and
Now in order to suppress the interference in the r k [i], an instantaneous linear MMSE filter w k (i) T is used. And the output of the MMSE filter is given by the following equation:
where w k [i] is chosen to minimize the mean-square error between the b k (i) symbol and the filter output y k [i], i.e.,
where
where e k deonates a K-dimensional vector of zeros except for the k − th term. And now
It was seen in [15] that the output of a linear MMSE multiuser detector which has a residual interference plus noise can be approximated by a Gaussian distribution. Hence we have
. The mean and variance of y k (i) are given by
The above expressions are derived in a similar way as seen in [16] . And we can now obtain a scalar flat fading model similar to [4] and [14] which is given by
where v i is enhanced zero mean Gaussian noise with variance ν 2 . Note that a similar received scalar model can be obtained in the first phase which is quite similar to one in equation (5) . But the structure of R might change since we do not have any users cooperating and hence R is a K × K matrix. Also in the second phase, through out this paper we consider that all the user are cooperating and hence we have m = K and we get a R matrix whose size is m 2 ×m 2 . Now using the equation (14), we should be able to use the outage probability to compare this MMSE case to that of the decorrelator in [14] and [4] . The outage probability is calculated by using the average mutual information and checking whether it falls below a threshold value.
III. PERFORMANCE MEASURES USING MMSE RECEIVER
In this section, we will obtain the performance measure which is the mutual information for the proposed scheme. And using this mutual information we find the information-outage probability which is the probability that the average mutual information (I) between the user k and the base station falls below a threshold which is a fixed spectral efficiency R. In our proposed scheme, the relaying users belonging to the decoding set for a user transmit using the same spreading code and this information-outage probability would serve as a lower bound on the error rate of the codeword at the given same spectral efficiency R. So now we will obtain the mutual information expressions and there by calculate the information-outage probabilities for the underloaded CDMA, fully-loaded CDMA and the over-loaded CDMA.
A. Underloaded CDMA Uplink
In an underloaded CDMA system, the number of users, K is less than the processing gain, N i.e., K < N . As mentioned earlier we assume that all the users in the system are cooperating user. We know that each user is assigned a different spreading code and there are N linearly independent spreading codes available in the system. We know that channel has been divided into two orthogonal time phases and in the first phase the users transmit their own data using their spreading codes. In the second phase they send other users data using the other user's spreading codes. Hence each user effectively uses K spreading codes and hence we have K/2N degrees of freedom in these two equally divided orthogonal phases. The mutual information between the user k and the base station is given by following equation:
where SNR is the signal to noise ratio without considering any fading. The above mutual expression is a result of two mutual information. The first mutual information is between the user k and the base station and the second mutual information is between the relays belonging to the decoding set, D(k) to the base station. The outage probability between the user k and the base station over all possible decoding sets, D(k) is given by
We know that the decoding set D(k) is the set of relays only which are able to decode the information they received from other users. Hence for a relay to be in the decoding set it has to satisfy the below condition
Hence the probability that a relay, r participates in the decoding set is given by
where α r is the flat fading Rayleigh coefficient with the variance 1/λ r .
B. Fully-loaded CDMA Uplink
For the fully-loaded system we have K = N . The mutual information can be obtained just substituting the above condition for the fully-loaded systems. And here this system will now have 1/2 degrees of freedom. The mutual information expression which is conditioned on the decoding set is give as follows:
C. Overloaded CDMA Uplink Here in a overloaded system, we have K > N . We can only generate N linearly independent spreading waveforms and the rest of K − N users will have to use the spreading codes which are the linear combinations of the first N . But each of user still uses all of the spreading waveforms and hence 1/2 is the degrees of the freedom here. Note that we have assumed in the previous section that m = k and all of the users are cooperating. Since we now have a linearly independent spreading waveforms it is not possible to distinguish between the self-transmitted message and a cooperated user's transmission. And to remove this confusion, each relay will delay its transmission while its cooperating. Though doing this is not optimal, it helps in maintaining a full rank R matrix. So the mutual information between the user k and the base station conditioned on the decoding set for an overloaded system is given by
The above expression is same as the fully-loaded since they both have common degrees of freedom. The difference between both the systems is the value of the cross-correlation matrix R and also the spreading waveforms.
IV. PERFORMANCE MEASURES FOR A SIC RECEIVERS
In our proposed scheme we apply the interference cancellation to the output of the MMSE detector which will further reduce the residual interference in the received signal. After obtaining the scalar fading model as shown in (14) using the Gaussian approximation of the MMSE filter output, we find out the signal-to-interference-noise ratios (SINR) for every user which is given by
Based on these values of SINR, we rank the users. The user which ever has the highest SINR is canceled out. That users corresponding elements in the cross correlation matrix R and also its channel coefficient from A are removed. Later the new values of the R are found and then the received signal model is modified in the (5). Now this is again passed through the instantaneous linear MMSE filter and the corresponding SINR's are calculated based on (21). This procedure is repeated until all of user's interferences are canceled out. For each cycle of this interference cancellation, the mutual information values are also parallely tracked for the corresponding system using the same equation as in (15), (19) and (20). And these values can all be average for all of the cycles of cancellation and then the final performance of the SIC receiver is calculated.
V. RESULTS
In all the results of our proposed scheme, we find the information-outage probability by using Monte-Carlo simulations. For each case of these simulations we manually check whether the average mutual information shown in (15) , (19) and (20) falls below a fixed threshold value of the spectral efficiency R. In all the figures we consider the processing gain to be N = 4 and spectral efficiency R = 1bits/sec/Hz. Figures 2, 3 and 4 show the information-outage probability for the underloaded CDMA, fully-loaded CDMA and overloaded CDMA for our proposed schemes. Figures 5 and 6 indicate the comparison of information-outage probabilities using SIC receivers for both the MMSE and the decorrelator detector using by [14] . Note that we have also plotted the Laneman's space-time coded protocol outage probability curve in all of the results and this would be used like a line of reference for all the graphs. However the Laneman's case [4] employees inter-user orthogonality, orthogonal space-time coding, symbol synchronization and an optimal decoder. Because of all the above assumptions there is no interference among the users across the subchannels. More over it should be considered as a fully-loaded scenario since it has N = K = m. Also plotted on Figures 2, 3 and 4 are the decorrelator used in [14] outage probabilities for the high SNR approximation which a modified decorrelator detector. We have also performed a Monte-Carlo simulation on the decorrelator used in [14] to find out the outage probabilities with out a high-SNR approximation. There is a loss of spectral efficiency between the [14] and that of Laneman's case and this the because of using inter-user nonorthogonality which is a result of using non-orthogonal spreading codes and also the use of asynchronism. Decorrelator used in [14] also uses a suboptimal decorrelator for detection which fails to handle the problems of non-orthogonality and asynchronism. We aim to close this gap and improve the performance of the system by employing the inter-user nonorthogonality and asynchronism which is a more practical scenario than the Laneman's. Fig. 2 shows the outage probability for a under-loaded CDMA uplink which operates in a condition K < N and also we take that all the users in the system are cooperating. We took the values as N = 4 and K = 3.For simulating the decorrelator case, we take the expression of the mutual information from [14] and also for the High-SNR approximation case we use the Fig. 3 . Information-outage probability performance of the proposed asynchronous fully-loaded CDMA uplink (K = N ) with N = 4, K = m = 4 without using any SNR approximations. The spectral efficiency used as the threshold is R = 1 bit/sec/Hz. Also shown for comparison are the Laneman's synchronous STC(m=4) and [14] 's decorrelator outage probabilities with a high SNR approximation.
following expression as seen in [14] : where the parameter λ i,j = 1. The above expression is only for the underloaded CDMA system. The expression is pretty similar for the fully-loaded CDMA and the overloaded CDMA with the change only in the degrees of freedom. For the Laneman's case we make sure that all the delays used are zeroed to achieve synchronism and we use the non-orthogonal spreading codes to achieve the inter-user orthogonality. It is seen that the use of SIC receivers has increased the performance. The use of only MMSE detectors does not seem to improve much since the decorrelator and MMSE perform almost the same but MMSE might show a slight improvement at high SNR's which is seen in the figure. The SIC receiver is used for both of the decorrelator [14] and the MMSE cases and curves plotted are the averages which are taken for all the stages of the interference cancellation. We note that if we make use of spreading codes and the synchronism between the symbols and this would make [R H + σ 2 I] −1 = I in the expressions (15) and (19). And it would be then equivalent to the Laneman's space-time coded synchronous CDMA case. Fig. 3 indicates the information-outage probability curves for a fully-loaded CDMA uplink which is based on condition K = N . And here we consider the values of K = N = 4. Similar to the previous case we have seen the same improvement here in the fully-loaded case. The SIC receiver here has performed well since there are more number of active users and this will also increase the number of cooperating users. Hence we have one extra stage of SIC cancellation which has increase the performance of the detectors. The improvement in the performance between the under-loaded and the fullyloaded is also because the underloaded doest seem to use all available degrees of freedom whereas fully-loaded utilizes all of them. Fig. 5 compares the outage probability curves for a overloaded CDMA uplink based on condition K < N for our proposed asynchronous CDMA uplink. Here we consider the values of N = 4 and m = K = 5. The spreading codes considered in this case are not linearly independent, since we have only N available spreading codes which have to be assigned to K users. Hence we have to use some spreading codes which are the linear combinations of the first N codes. This also helps to make sure we have a full rank cross correlation matrix R. We notice the same bandwidth improvement compared to underloaded system as seen previously due to the use of full degrees of freedom. Similar to the other cases, the use of the post-interference cancellation on both the MMSE and decorrelator used in [14] has proved to reduce the SNR loss with respect to the Laneman's protocol.
The Fig. 6 compares the information-outage probabilities of the decorrelator [14] with a post-interference cancellation. Shown in the plot are various stages of the cancellation involved and also the overall performance of the SIC case which is the average of all the stages. It is seen that the SNR loss was reducing gradually as we have increased the interference cancellations. For various stages of cancellation we obtain a new R by removing the user which has the highest interference and then proceed with that new R to the next stage. The curve shows the highest and the lowest achieved outage probability curves-highest being the last stage of cancellation which cancels out all of the cooperating users interference and removes out all their correlation from the R and the lowest is by the first stage which does not have any kind of interference cancellation and its R matrix has all the interferences included. similarly, Fig 7. indicates the same outage probabilities of the proposed MMSE detector with interference cancellation. We use the mutual informations shown from one of (15) − (19) for each stage of cancellation to find the corresponding outage probabilities.
VI. CONCLUSION
In this paper, we have analyzed the performance of the proposed asynchronous CDMA uplink using the SIC receivers while maintaining the inter-user orthogonality and the asynchronism. The system consider here has full-duplex user and hence the users will be able to transmit and receive in the same frequency. The multiple access interference at the receiver is removed by using passing the received signals through a series of matched filter and these matched filter outputs are fed to a linear instantaneous MMSE filter. Then the interference cancelers are then used to further remove the residual interface from the MMSE filter output. We have used the information-outage probability as the performance measure to evaluate the performance of the above proposed scheme in the underloaded CDMA, fully-loaded CDMA and overloaded CDMA systems. We also have simulated the Laneman's spacetime coded synchronous protocol and the [14] 's work where she implemented the same proposed scheme with a suboptimal decorrelator detector. The Laneman's case does not consider the non-orthogonality or the asynchronism and hence it does not have any of the problems associated with these two constraints. The decorrelator's case [14] on the other considers both of the constraints but due to the use of the highly suboptimal decorrelator detector in the receiver using which we have a large amount SNR loss in its performance. By using the proposed post-interference cancellation after the MMSE filter we were able to close this gap and have reduced the SNR losses we have seen [14] . We compared the interference cancellation for both the modified decorrelator design used by Kachan [14] and the proposed MMSE detector. It was seen that MMSE with interference cancellation worked better than that of the decorrelator. We have also compared how different stages of the interference cancellation performs and also have observed the highest achieved performance in those individual stages by plotting the outage probabilities at the end of each stage. By examining all the above results, we assert that the SIC receivers performs better than the others detectors previously used in other works and the SNR loss is not completely reduced as we have considered a design which is more feasible to use and more practical in nature than compared to the one used by Laneman [4] .
